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Abstract 

We  demonstrate  that  Shewamlta  aneidensh\  a  metal-reducing  bacteria  species  with  cytoplasmic-membrane- bound  reductases  and 
remarkably  diverse  respiratory  capabilities,  reduced  Cr(VI)  to  Cr(II)  in  anaerobic  cultures  where  chromate  was  the  sole  terminal  elect ron 
acceptor.  Individual  cell  microanalysis  by  transmission  electron  microscopy  (TEM)  using  electron  energy-loss  spectroscopy  (EELS)  and 
energy  dispersive  X-ray  spectroscopy  (EDXS)  demonstrates  Cr(  ■  1 )  concentrated  near  the  cytoplasmic  membrane,  suggesting  the  terminal 
reduction  pathway  is  intracellularly  localized.  Further,  estimated  cellular  Cr(II)  concentrations  are  relatively  high  at  upwards  of  0.03- 
Q.09gCr/g  bacterium.  Accumulation  of  Cr(II)  is  observed  in  S.  oneidensis  cells  prior  to  the  formation  of  submicron-sized  precipitates 
of  insoluble  Cr(lll)  on  their  surfaces.  Furthermore,  under  anaerobic  conditions,  Cr(VlI)  precipitates  that  encrust  cells  are  shown  to  con¬ 
tain  Cr(JI)  that  is  likely  bound  in  the  net  negatively  charged  extracellular  biopolymers  which  can  permeate  the  surfaces  of  the  precipi¬ 
tates.  In  otherwise  nearly  identical  incubations,  Cr(lll)  precipitate  formation  was  observed  in  cultures  maintained  anaerobic  with 
bubbled  nitrogen  but  not  in  three  replicate  cultures  in  an  anaerobic  chamber. 

Published  by  Elsevier  Inc. 


1.  Introduction 

Biochemical  elect  ron-transport  pathways  for  metal 
reduction,  which  are  likely  the  earliest  mechanisms  of 
microbial  respiration  (Vargas  et  aL,  1998)  and  are  utilized 
by  many  genera  of  archaea/eubacteria  today,  remain  poor¬ 
ly  understood.  Many  genera  of  archaea/eubacteria  (e.g., 
psyehrophilic,  mesophilic,  and  thermophilic;  Gram  positive 
and  negative),  common  to  different  soils  and  sediments, 
can  reduce  a  wide  range  of  metals  including  highly-toxic 
Cr  (Cervantes,  1991;  Lovley,  1993;  Turick  et  al.,  1996; 
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Chen  and  Mao,  1998;  Badar  ct  al.,  2000;  Fendorf  ct  al, 
2000;  Kashefi  and  Lovley,  2000;  Wang,  2000;  Horton 
et  al.,  2006).  Chromium  is  a  redox  active  3d  transition  met* 
al  with  a  wide  range  of  possible  oxidation  states  (-2  to  +6, 
in  rare  cases  -4  and  -3  are  reported)  (Cotton  and  Wilkin¬ 
son,  1966;  Hughes  et  al,,  1979;  Sal  Ians  et  al.,  1983;  Shu- 
pack,  1991;  Greenwood  and  Eamshaw,  1998}  of  which 
only  two,  tri valent  Cr(III)  and  hexavalent  Cr(VI),  are  sta¬ 
ble  in  the  majority  of  terrestrial  surface  and  aqueous  envi¬ 
ronments  (Kimbrough  et  al.,  1999).  The  valence  of  Cr 
largely  controls  the  biogeochemical  properties  of  Cr  com¬ 
plexes  including  solubility,  adsorption  affinity,  chemical 
reactivity,  and  toxicity.  For  instance,  Cr(VI)  species  are 
strong  oxidants  which  act  as  carcinogens,  mutagens,  and 
teratogens  in  biological  systems  (Cieslak-Golonka,  1995; 
Codd  et  al.,  2001;  Bagchi  ct  aL,  2002;  Levina  et  al., 
2003).  The  structural  similarity  of  the  soluble  chromate  an¬ 
ion  (dominant  Cr( VI)  species  at  pH  <  6.1)  (Brito  et  al., 
1997)  to  biologically  important  inorganic  anions,  such  as 
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(S042~)  and  (P043-),  is  likely  responsible  for  its  ability  to 
readily  transverse  cell  membranes,  via  the  sulfate  transport 
system,  and  be  incorporated  into  cells  (see  Cervantes  et  al, 
2001;  Codd  et  al,  2001).  In  contrast,  Cr(IIl)  species  have 
low  toxicity,  in  part  because  their  bioavailability  is  limited 
by  low  solubility  (Rai  et  a!.,  1987,  1989)  and  the  tendency 
of  dissolved  Cr(Ill)  to  be  adsorbed  by  organic  carbon 
(Fukushtma  et  al.,  1995)  as  well  as  mineral  surfaces  (Griffin 
et  al,  1977;  Chakir  et  al*,  2002),  Mechanisms  for  Cr(Vl) 
reduction  are  of  particular  technological  and  biological 
importance  because  they  can  convert  a  toxic,  mobile  metal 
into  an  innocuous,  immobile  reduced  form. 

Depending  on  the  microbial  species,  Cr  reduction  can 
occur  under  aerobic  and/or  anaerobic  conditions* 
Although  many  bacteria  can  conserve  energy  to  support 
growth  (i.e*t  respire)  through  anaerobic  metal  (e.g.,  Fe, 
Mn)  reduction,  there  are  only  a  few  reports  that  bacteria 
can  conserve  energy  through  anaerobic  Cr(VI)  reduction 
(e.g.,  see  Tebo  and  Obraztsova,  1998)  and  many  of  these 
reports  have  been  challenged  (Lovley,  1995),  Nevertheless, 
evidence  indicates  Cr  reduction  is  an  enzymatically  cata¬ 
lyzed  reaction  attributed  to  soluble  proteins  for  some  spe¬ 
cies  or  cell  membranes  for  other  species  (Chen  and  Hao, 
1998).  However,  little  is  known  about  their  associated  elec¬ 
tron-transport  pathways*  Microbial  Cr  reduction  is  a  com¬ 
plex  process  with  multiple  possible  pathways  and  unstable 
redox  intermediates  with  intermediate  valence  between  the 
valences  of  the  stable  end  members*  Evidence  of  two  Cr  re¬ 
dox  intermediates,  Cr(SV)  and  Cr(V),  in  the  microbial 
reduction  of  Cr(VI)  have  been  reported  (Suzuki  et  al, 
1992;  Myers  ct  al,  2000;  Neal  et  al.,  2002;  Kalabegishvili 
et  al,  2003).  Electron  paramagnetic  resonance  (EPR)  mea¬ 
surements,  sensitive  to  non-integer  spin  transition  metals 
such  as  Cr(l),  Cr(lII),  and  Cr(V)t  suggested  that  Cr(V)  is 
a  possible  redox  intermediate  for  Cr(VI)  reduction  by  Pseu¬ 
domonas  ambigua  (G-l)  (Suzuki  ct  al.,  1992),  Arthrobacter 
oxydans  (Kalabegishvili  et  al,  2003),  and  She  wane  Ha  one  id- 
ensis  (Myers  et  al,  2000).  X-ray  photoemission  spectrosco¬ 
py  studies  of  batch  cultures  of  S ;  oneidensis  with  chromate 
were  unable  to  detect  evidence  for  Cr(V)  reduction  inter¬ 
mediates,  however  evidence  for  Cr(IV)  intermediates  at  cell 
surfaces  was  suggested  (Neal  ct  al,  2002). 

It  is  widely  believed  that  reduction  to  Cr(III)  is  the  final 
pathway  step  in  the  microbial  Cr(VI)  reduction  chain  be¬ 
cause  bacterial  cells  become  encrusted  with  Cr-rich  precip¬ 
itates  (Wang  et  al,  1990;  Fade  et  al,  1994)  (see  Figs.  I 
and  2)  and  Cr(lII)  is  the  only  stable,  insoluble  form.  How¬ 
ever,  this  fundamental  hypothesis  has  never  been  experi¬ 
mentally  verified.  The  assumed  termination  of  the 
microbial  reduction  pathways  at  Crflll)  has  important 
implications  to  the  mechanisms  of  chromate  reduction  par¬ 
ticularly  for  Cr(VI)-reducing  bacteria  with  membrane- 
bound  reductases.  For  example,  Cr(VI)  reductases  arc 
reportedly  localized  to  the  cytoplasmic  membrane  of  S> 
oneidensis  (Myers  ct  al,  2000)  as  well  as  associated  with 
membranes  of  Enterobacter  cloacae  (Wang  et  al,  1990), 
Pseudomonas  jhtorescens  {Bopp  and  Ehrlich,  1988),  and 


Fig,  1.  ShewmteUa  oneidensis  celts  from  a  Nrbubblcd  anaerobic  culture 
containing  Cr(VI)04;“  imaged  by  an  ElcctroScan  E3  environmental 
scanning  electron  microscope.  Many  of  the  cells  exhibit  Cr  precipitates  on 
their  surface;  and  Cr  precipitates  not  attached  to  cells  arc  also  present.  For 
scale,  the  cells  arc  several  microns  in  length. 

Pseudomonas  maltophilia  (Blake  et  al,  1993).  It  is  unclear 
whether  cellular  uptake  of  toxic  Cr(VI)  occurs  with  reduc¬ 
tion  localized  to  the  cytoplasm  or  periplasm,  and/or  elec¬ 
trons  are  transferred  outside  of  the  cells  to  reduce  Cr 
extracellularly.  Since  Crflll)  compounds  arc  relatively  solu¬ 
ble  only  under  very  acidic  or  very  basic  conditions  (Rai 
et  al,  1987,  1989)  and  their  soluble  organo  complexes 
(Puzon  et  al,  2005)  are  large  molecules  that  arc  not  easily 
transported  across  the  outer  membrane,  bacteria  with  mem¬ 
brane-bound  reductases  are  constrained  to  reduce  Cr(  VI)  to 
Cr( HI)  by  extracellular  processes  (e.g.,  see  Wang  ct  al*, 
1990),  e.g.,  by  using  electron-shuttling  compounds  coupled 
to  membrane  reductases*  Otherwise  a  mechanism  of  Cr(  III) 
mobilization  and  transport  must  exist  to  remove  Cr(Ill) 
from  the  cell,  presumably  at  the  expenditure  of  cellular 
metabolic  energy. 

Shewanella  oneidensis  can  reduce  Cr( VI),  using  cytoplas¬ 
mic-mem  brane-bound  Cr(VI)  reductases  (Myers  et  al., 
2000),  under  anaerobic  conditions  where  Cr(VI)  is  the  only 
available  terminal  electron  acceptor,  forming  Cr(lll)  pre¬ 
cipitates  on  their  outer  surface.  We  investigated  the  mech¬ 
anisms  of  Cr( VI)  reduction  and  precipitate  formation  by  S. 
oneidensis  under  anaerobic  conditions  using  newly  devel¬ 
oped  transmission  electron  microscopy  (TEM)-electron 
energy-loss  spectroscopy  (EELS)  techniques  (Fig.  3a)  that 
can  determine,  for  the  first  time,  the  oxidation  state  of  Cr 
over  a  wide  valence  range  at  high-spatial  resolution  (Daul- 
ton  and  Little,  2006).  This  is  accomplished  by  comparing 
the  fine  structure  of  Cr-L^j  adsorption  edges  of  unknowns 
to  the  measured  correlation  between  parameterized  L-edge 
fine  structure  and  valence  for  Cr  standards  with  varied 
chemistry  (Fig.  3a).  The  feasibility  of  the  EELS  technique 
was  demonstrated  during  its  early  development  by  the 
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Fig.  2.  Conventional  transmission  electron  microscopy  (TEM)  bright- 
field  (BF)  images  of  cross-sectioned  (ss70nm  thick  slice)  Shvwanella 
oni’idensis  cells  encrusted  with  Cr(Nl)  precipitates  from  a  Nj-bubbled 
anaerobic  culture  containing  Cr(Vl)G4-~.  Chromium  precipitates  are 
never  observed  within  the  cells.  Small  (<tOnm)  discrete  specks  of  dark 
contrast  in  the  BF  image  are  Os-rich  precipitates  that  are  TEM  specimen 
preparation  artifacts  from  osmium  tclroxide  used  to  stain  the  ceils  (c.g,, 
sec  Fig.  5),  The  scale  bar  is  200  nm. 


a  Cr  Valence  Correlation  Plot 


Cr-I_3  Peak  Energy  (eV) 


Fig.  3.  Valence  determination  by  electron  energy  loss  spectroscopy,  fa) 
Correlation  between  L-edge  fine  structure  and  Cr  valence  for  standards 
with  a  range  of  chemistries.  Fine  structure  was  parameterized  by  the  ratio 
of  the  integrated  intensity  of  the  Cr-L^  edge  relative  to  the  Ci-L2  edge 
(i.et|  Lj/Li  ratio),  and  the  energy  of  the  Cr  L*  maxima.  The  Cr(0)  and 
Crf  1 )  standards  plotted  arc  presumed  of  low  spin  configuration.  I  b} 
Experimental  data  from  Shewanelfa  one  id f ns  is  anaerobic  cultures  con* 
taming  chromate  as  the  sole  terminal  electron  acceptor  with  minimal 
media  and  lactate  as  the  electron  donor;  30  non -encrusted  cells  incubated 
in  the  anaerobic  chamber  (blue),  16  precipitates  encrusting  cells  from  a  N2- 
bubbled  culture  with  no  exposure  to  atmospheric  02  after  sectioning 
(pink).  16  precipitates  encrusting  cells  from  a  N;-bubblcd  culture  that  were 
exposed  to  atmospheric  Oi  after  sectioning  (orange),  The  solid  data  points 
without  error  bars  represent  the  mean  of  the  data  for  a  particular  Cr 
standard. 

verification  that  precipitates,  which  encrust  chromate-re- 
ducing  S ,  oneidensis,  are  predominantly  Cr(lll)  solids 
(Da  u  It  on  et  ah,  2002),  In  this  work,  the  considerably  re¬ 
fined  EELS  technique  is  applied  to  study  the  mechanisms 
of  anaerobic  Cr  reduction  by  S.  oneidensis.  Compelling 
experimental  evidence  is  obtained  that  demonstrates,  unex- 
pectantly,  that  the  generally  accepted  idea  that  microbial 
reduction  terminates  at  Cr(Ill)  is  incorrect  for,  at  least, 
5.  oneidensis.  We  demonstrate  the  terminal  microbial 
reduction  step  is  one  that  produces  0(11),  and  provide  evi¬ 
dence  that  reduction  occurs  within  the  cell.  These  new 
experimental  results  place  into  question  the  current  models 
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proposed  for  Cr{  V I )  reduction  by  S.  omidensis  and  perhaps 
other  Cr(VI)-rcducing  bacteria  with  membrane-bound  Cr 
reductases, 

2.  Experimental 

2, 1.  Bacterial  cultures 

The  Y-proteobacterium  (Gram-negative),  S.  oneidensis 
MR-1  (ATCC  700550)  (Venkateswaran  et  ah,  1999:  Hei¬ 
delberg  et  ah*  2002),  previously  classified  S.  putrefaciens 
MR-1  (MacDonell  and  Colwell  1985)  and  before  that  as 
A  l  ter otn  on  as  putrefaciens  (Lee  et  ah,  1977)  was  isolated 
from  the  anaerobic  zone  of  Mu-rich  sediments  in  Oneida 
Lake,  New  York  (Myers  and  Nealson,  1988b).  Shewanella 
oneidensis  is  a  mesophilic,  facultative  anaerobe  with  a 
remarkably  diverse  reductase  capability  that  can  reduce 
(in  some  cases  also  respire)  a  variety  of  terminal  electron 
acceptors,  including:  02,  V(V),  Cr(VI),  Fe(HI),  Mn(lV), 
Tc(VII),  U(VI),  nitrite  (NOr),  nitrate  (N03“),  sulfite 
(S032-),  thiosulfate  (S20j2“),  tetrathionate  (S406:  ),  fuma- 
rate,  glycine,  and  trimcthylamine  TV-oxide  (see  Myers  and 
Nealson,  1988a, b;  Lovley  et  ah,  1991;  Llyod  and  Macaskie, 
1996;  Carpentier  ct  ah,  2005). 

A  total  of  six  anaerobic  cultures  were  prepared;  two 
control  and  four  experimental.  For  each  of  these  cultures, 
cells  of  S.  oneidensis  were  initially  grown  under  aerobic 
conditions  at  30  °C  for  18-24  h  in  Luria-Bertani  (LB)  broth 
(pH  7,0)  with  continuous  agitation.  An  aliquot  (^5  ml)  of 
the  aerobic  culture  (for  one  of  the  controls,  cells  were  first 
killed  by  glutaraldehyde  and  washed)  was  transferred  to 
anaerobically  maintained  125  ml  flasks  containing  ^50  ml 
minimal  growth  media  (adapted  from  Myers  and  Nealson, 
1988a).  The  minimal  growth  medium  (pH  7.0)  consisted  of 
autoclaved  distilled-deionized  H20,  a  salt  component 
(9.0  mM  (NH4)2SG4,  5.7  mM  K2HP04-3H20,  3.3  mM 
KH2P04,  and  2.0  mM  NaHCOij),  and  a  trace  metal  com¬ 
ponent  (70  pM  Na2EDTA-2H20,  60  pM  HjBG2,  10  pM 
NaCl,  6  pM  FeS047H2G,  5  pM  CoCl2-6H20,  5  pM 
Ni(NH4)(S04)26H20,  4.0  pM  Na2Mo042H20,  1.5  pM 
Na25e04  (anhyd),  1.3  pM  MnS04  H20,  1.0  pM  ZnS04  7- 
H20,  and  0.2  pM  CuS04-5H2G).  The  following  amino 
acids  and  vitamins  were  present  in  the  medium: 
\0~4  mg  r1  casamino  acids,  lO'^mgl"1  vitamin  B]  (Thia- 
minc),  0.02  mg  l-1  L-arginine-HCl,  0.02  mg  l”1  L-glutamic 
acid,  0.02  mg  l-1  L-glutamme,  and  0.04mgl_1  L-scrine. 
The  following  co-factors  were  present  in  the  medium: 

1  mM  MgS04*7H20  and  0.5  mM  CaCf2-2H20.  The  cul¬ 
tures  were  incubated  at  room  temperature  with  gentle 
shaking  (ca.  100  rpm)  after  adding  l8mM  sodium  lactate 
as  the  carbon  source  and  either  a  Cr(lll)  or  Cr(Vl)  com¬ 
pound  as  the  sole  electron  acceptor. 

2././.  Control  cultures 

Two  controls  were  cultured  for  21  days  in  an  anaerobic 
chamber  (85%  N2  at  99,999%  purity:  10%  H3:5%  C02). 
The  first  control  consisted  of  glutaraldehyde-killed  cells 


with  l  mM  K2Cr(  VI)04  as  the  sole  terminal-electron  accep¬ 
tor.  Since  these  cells  would  be  examined  by  electron 
microscopy  after  incubation,  glutaraldehyde  was  used  to 
both  kill  and  fix  the  cells.  The  second  control  consisted 
of  viable  cells  with  400  pM  Cr(lll)P04 //H2G  as  the  only 
potential  terminal  electron  acceptor. 

2.7.2.  Experimental  cultures 

Four  experimental  cultures  were  incubated.  In  the  first, 
cells  were  cultured  in  an  anaerobic  chamber  for  21  days  with 
a  total  of  L2mM  of  K2Cr(VI)04  added.  Although  reduc¬ 
tion  of  Cr(VI)  was  confirmed  by  diphenylcarbazide  colori¬ 
metric  assay  (see  Clesceri  ct  ah,  1999),  no  precipitates  were 
observed  in  this  culture  by  TEM.  Two  replicate  Cr-reducing 
cultures  incubated  for  30  days  (total  1.8  mM  chromate  add¬ 
ed)  and  97  days  (total  4  mM  chromate  added)  also  exhibited 
no  precipitate  formation.  In  the  fourth  culture,  cells  were 
incubated  with  1  mM  K2Cr(VI}04  using  a  continuous  flow 
of  bubbled  N2  (purity  99.9%)  for  28  days,  and  precipitate 
encrusted  cells  were  observed  (Figs.  1  and  2). 

2.2.  Microcharacterization  of  individual  cells 

2.2.1.  Specimen  preparation  for  transmission  electron 
microscopy 

To  preserve  the  chemical  redox  state  of  bacteria  and 
reduction  products,  all  specimens  were  handled  in  an  anaer¬ 
obic  chamber  at  each  subsequent  stage  of  TEM  specimen 
preparation.  Cultures  were  embedded  in  resin  and  in  that 
procedure,  an  aliquot  (1  ml)  of  each  culture  was  pelleted 
by  centrifugation,  and  fixed  in  a  5%  aqueous  solution  of 
glutaraldehyde  (1  ml)  overnight  at  room  temperature. 
Fixed  cells  were  washed  three  times  in  distilled  water,  treat¬ 
ed  with  2%  osmium  tetroxide  (aqueous  solution),  and  again 
washed  three  times.  The  pellets  were  then  processed 
through  a  gradual  ethanol  dehydration  sequence,  washed 
in  100%  ethanol,  and  washed  in  propylene  oxide.  Increasing 
concentrations  of  Spurr’s  resin  mixed  in  propylene  oxide 
were  infiltrated  into  the  specimen  pellet  and  cured.  Embed¬ 
ded  specimens  were  transferred  under  anaerobic  conditions 
to  a  second  anaerobic  chamber  (95%  N2:5%  H2)  containing 
a  microtome,  and  sectioned  to  ~7Q  nm  thickness. 

For  TEM-EELS  analysis,  a  TEM  specimen  holder  was 
placed  in  the  anaerobic  chamber  containing  the  microtome, 
specimens  were  mounted  in  the  holder,  and  the  specimen 
tip  of  the  holder  was  sealed  with  an  airtight  cap.  The  sealed 
TEM  holder  was  quickly  (<20  s)  transferred  to  a  N2- 
p urged  glove  bag  affixed  to  the  microscope  goniometer,  un¬ 
sealed  under  N2-purge,  and  quickly  inserted  into  the  TEM 
column.  Specimens  were  shipped  under  anaerobic  condi¬ 
tions  for  scanning  (S)  TEM -energy  dispersive  X-ray  spec¬ 
troscopy  (EDXS)  spectrum  imaging  analysis. 

2.2.2.  Microcharacterization  by  transmission  electron 
microscopy 

A  JEOL  JEM-3010  transmission  electron  microscope,  at 
the  Naval  Research  Laboratory  (NRL),  operating  at 
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300  KeV  with  a  LaB*  electron  source  was  used  for  EELS 
analysis.  The  EELS  spectrometer  (GIF200)  was  calibrated 
to  855.00  ±  0.02  eV  for  the  energy  of  the  Ni-L3  edge  max¬ 
ima  of  NiO.  Spectra  were  collected  in  TEM  diffraction 
mode  by  the  spectrometer  using  an  illumination  angle 
2a  =  4-10  mrad,  a  collection  angle  of  2/?  =  1 1 .2  ± 
0.3  mrad,  a  2-mm  diameter  entrance  aperture,  and  an  ener¬ 
gy  dispersion  of  0J  eV/channel.  ‘'Summed”  spectra  of  the 
O-K/Cr-L  core-loss  regime  were  acquired  with  an  integra¬ 
tion  time  of  2  s  per  spectrum  {100  spectra  summed)  or  4  s 
per  spectrum  (40  spectra  summed)  for  precipitates,  and 
4  s  per  spectrum  (200  spectra  summed)  for  bacteria,  The 
mean  energy  drift  (regardless  of  sign/d  ircction)  of  the  spec¬ 
trometer  during  acquisition  of  core-loss  spectra  was 
QJSeV  for  precipitates  and  0.23  eV  for  ceils.  Six  summed 
core-loss  spectra  (along  with  accompanying  zero-loss  spec¬ 
tra)  were  collected  for  each  bacterium  (at  different  loca¬ 
tions  within  the  cell)  or  each  precipitate;  results  were 
averaged  and  reported  with  the  statistical  standard  error. 
Full  details  of  the  methodology  of  the  EELS  measurements 
and  the  EELS  technique  for  Cr-valence  determination  have 
been  described  previously  (Daulton  and  Little,  2006).  The 
following  standards  were  used  to  determine  partial  cross 
sections  for  elemental  quantification  by  EELS:  Cr02, 
Cr2Oy,  LaCr03,  NdCr03,  and  NdCrCXi-  Since  EELS  spec¬ 
tra  were  preferentially  collected  from  regions  inside  the  cell 
with  the  highest  Cr  signal,  reported  cellular  Cr  concentra¬ 
tions  represent  an  upper  limit  for  mean  cell  concentrations, 
or  a  lower  limit  for  localized  concentrations,  within  the  cell. 

A  Hitachi  HD-2000  dedicated  scanning  transmission 
electron  microscope,  at  Oak  Ridge  National  Laboratory 
(GRNL),  operating  at  200  kcV  with  a  cold-field  emission 
electron  source  was  used  to  acquire  Cr  elemental  maps 
using  spectrum-imaging,  EDXS  techniques.  This  instru¬ 
ment  was  equipped  with  a  secondary  electron  detector,  a 
bright-fidd  detector,  a  high-angle  annular  dark-field 
(HA-ADF)  detector,  and  a  Noran  40  mm2  solid-state 
X-ray  detector  with  a  collection  solid  angle  of  0*3  sr  relative 
to  the  specimen.  Elemental  EDXS  maps  were  collected  at 
256  x  192  pixel  resolution  over  a  period  corresponding  to 
1 .4  x  1 04  s  of  livetime. 

3.  Results 

Two  anaerobic  control  cultures  were  examined  by  TEM: 
glutaraldehyde-killed  &  oneidensis  with  chromate  as  the 
sole  terminal  electron  acceptor  and  viable  S.  oneidensis 
with  Cr(III)  as  the  only  available  terminal  electron  accep¬ 
tor.  Two  series  of  experimental  anaerobic  cultures  of  viable 
S.  oneidensts  with  chromate  as  the  sole  terminal  electron 
acceptor  were  examined:  one  cultured  in  an  anaerobic 
chamber  and  one  using  a  continuous  flow  of  bubbled  N2- 
Lack  of  Cr(VI)  reduction  in  the  glutaraldehyde-killed 
S.  oneidensts  control  and  Cr(VI)  reduction  in  the  experi¬ 
mental  cultures  were  confirmed  by  diphenylcarbazide  col¬ 
orimetric  assay  (see  Clesceri  et  al,,  1999).  Further,  in 
earlier  studies,  no  Cr(VI)  reduction  was  observed  under 


aerobic  or  anaerobic  conditions  in  cultures  of  heat-killed 
S l  oneidensts  cells  (see  Lowe  et  ah,  2003).  Intracellular  re¬ 
gions  (M0Q-200  nm  diameter)  of  cross-sectioned  cells  that 
sometimes  included  parts  of  the  cell  wall  were  analyzed  by 
TEM -EELS.  Bacteria  exhibit  a  range  of  geometric  cross 
sections  in  TEM  thin  sections  of  embedded  cultures,  and 
in  some  of  these  cross  sections  Cr  precipitates  associated 
with  their  surface  can  contribute  to  the  EELS  Cr-L  edge 
from  the  cell.  Therefore,  only  cells  lacking  Cr  precipitates 
associated  with  their  surface  were  examined  by  EELS. 
The  EELS  spectra  demonstrated  no  significant  Cr-adsorp- 
lion  edges  present  in  30  cells  from  either  of  our  control  cul¬ 
tures,  in  contrast  to  our  experimental  cultures  where  many 
bacteria  exhibited  Cr  adsorption  edges.  Based  on  these 
observations,  Cr(VI)  reduction  is  attributed  to  live  cells. 

Three  different  anaerobic-chamber  cultures  exhibited  no 
Cr  precipitates  encrusting  cells  or  separate  from  cells.  Pre¬ 
cipitate  formation  was  only  observed  in  the  N2-bubbled 
culture,  suggesting  that  precipitate  formation  in  the  N2- 
bubbled  culture  is  associated  with  an  oxidant  that  was 
far  less  abundant  in  the  anaerobic  chamber  culture.  Since 
the  same  growth  media  was  used  in  all  cultures,  trace  oxi¬ 
dants  in  the  growth  media  can  be  ruled  out,  Hexavalcnt  Cr 
can  also  be  ruled  out  since  the  N2-bubbled  culture  had  less 
total  Cr  exposure  than  the  anaerobic  chamber  cultures. 
The  only  other  possible  oxidant  that  can  differ  in  exposure 
levels  between  the  N2- bubbled  culture  and  the  anaerobic 
chamber  culture  is  oxygen.  Since  competing  oxygen  scav¬ 
engers  are  present  in  the  cultures  under  conditions  where 
the  associated  reactions  arc  oxygen  limited,  the  oxygen  in¬ 
put  into  the  cultures  is  more  relevant  than  the  steady  state 
oxygen  levels  achieved.  In  this  regard,  the  purity  of  the 
nitrogen  used  in  the  N2-bubbled  culture  and  in  anaerobic 
chamber  was  99.9%  and  99.999%,  respectively.  Further¬ 
more,  the  anaerobic  chamber  had  an  active  Pd  catalyst  that 
removed  oxygen  from  the  gas  in  the  chamber.  Therefore, 
the  N2-bubbfed  culture  was  exposed  to  at  least  two  orders 
of  magnitude  more  oxygen  than  the  cultures  in  the  anaer¬ 
obic  chamber 

As  mentioned  previously,  Cr  precipitates  associated 
with  cell  surfaces  can  contribute  to  the  Cr-EELS  edge  from 
the  cell.  Therefore,  valence  of  intracellular  Cr  was  deter¬ 
mined  for  only  cells  from  the  anaerobic  chamber  cultures 
because  they  lacked  precipitates  encrusting  their  surface. 
The  EELS  spectra  from  these  cells  exhibit  Cr  L3  peak  max¬ 
ima  that  are  significantly  lower  than  that  of  Cr(Vl)  and 
Cr(V)  species  (Fig.  3b),  dearly  indicating  no  appreciable 
bioaccumulation  in  the  cells  of  the  toxic,  highly-oxidized 
species.  In  the  EELS/valence  correlation  plot  (Fig,  3),  part 
of  the  low-spin  Cr{Il)  region  overlaps  with  part  of  the 
Cr(III)  region.  Nevertheless,  nearly  all  of  the  cell  spectra 
(87%)  are  within  experimental  error  of  the  low-spin  Cr(ll) 
region  characteristic  of  many  organometallic  Cr(II)  com¬ 
pounds  (Daulton  and  Little,  2006)  while  in  contrast  57% 
are  within  experimental  error  of  the  Cr(III)  region 
(Fig.  3b).  Of  the  13%  of  the  cell  spectra  that  lie  outside 
experimental  error  of  the  low-spin  Cr(ll)  region,  only  one 
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of  these  spectra  lies  marginally  within  experimental  error  of 
the  Cr(lll)  region  while  all  correspond  to  cells  with  the  low¬ 
est  Cr  signal  (Fig.  4)  and  can  be  considered  suspect  to  anal¬ 
ysis  error.  Of  particular  note  is  that  l/3rd  of  the  cell  spectra 
are  tightly  clustered  in  the  low-spin  Cr(l  l)  only  region,  sug¬ 
gesting  at  least  ]  /3rd  of  the  cell  population  contains  pre¬ 
dominantly  low-spin  Cr( II).  In  distinct  contrast  to  the 
cell  spectra,  nearly  all  (93%)  of  the  EELS  spectra  of  precip¬ 
itates  encrusting  S.  oneidensis  cells  from  N2-bubbled  cul¬ 
tures,  obtained  from  specimens  that  were  exposed  to 
atmospheric  02  only  after  fixation  and  cross  sectioning 
and  prior  to  EELS  measurement,  are  within  experimental 
error  of  the  Cr(lIl)-only  region  (Fig.  3b).  The  area  in  the 
correlation  plot  where  l/3rd  of  the  cell  population  clusters 
in  the  low-spin  Cr(II)  only  region  and  the  area  where 
precipitates  cluster  in  the  Cr(  HI)-onIy  region  can  be  consid¬ 
ered  as  end-member  Cr(II)  and  Cr(lll)  regions,  respective¬ 
ly.  Spectra  lying  between  these  end-member  regions  can  be 
considered  likely  of  mixed  valence.  Since  most  of  the  spec¬ 
tra  from  the  cells  lie  closer  to  the  Cr(II)  end-member  re¬ 
gion,  this  suggests  that  the  majority  of  S .  oneidensis  cells 
contain  predominantly  Cr(ll). 

Another  important  piece  of  evidence  supporting  the 
identification  of  Cr(II)  within  the  cells  is  provided  by  the 
EELS  spectra  of  precipitates  from  specimens  that  were 
continuously  maintained  under  anaerobic  conditions  prior 
to  and  during  EELS  analysis.  Although  possessing  similar 
Lj  peak  maxima  as  the  precipitates  that  were  exposed  to  air 
only  after  cross  sectioning  and  prior  to  EELS  analysis, 
anaerobically  maintained  precipitates  have  significantly 
larger  L3/L2  ratios  and  are  clustered  in  the  low-spin 
Cr(H)/Cr{UI)  overlap  region,  (Fig.  3b).  This  suggests  that 
anaerobically  maintained  Cr(III)  precipitates  contain  low- 
spin  Cr(Il)  which  is  oxidized  to  Cr(IlI)  upon  air  exposure. 
Divalent  Cr  anions  can  readily  bind  in  the  net  negatively 
charged  extracellular  biopolymers,  and  these  biopolymers 
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Fig.  4.  Estimated  intracellular  Cr  concentration  within  the  30  non- 
encrusted  Shewanetla  oneidensis  cells  incubated  in  the  anaerobic  chamber 
that  were  analyzed  by  electron  energy  loss  spectroscopy  to  determine  the 
valence  of  the  Cr  (see  Fig.  3b).  The  left  ordinate  represents  the  measured 
Cr/O  ratio  and  the  right  ordinate  is  the  corresponding  Cr  content  in  g  Cr 
per  g  bacterium  estimated  by  assuming  C^^I  LsoOhoJNjo^S  as  the  mean 
cell  composition  (McKinley  and  Grogan.  1991). 


permeate  the  surfaces  of  Cr(III)  precipitates.  The  greatest 
measurable  effect  that  would  be  observed  in  Fig.  3  from 
contributions  of  low-spin  Cr(II)  to  the  EELS  spectra  of 
Cr(lll)  precipitates,  where  Cr(Il)  <Cr(Ill)  concentrations, 
is  a  shift  in  relative  peak  heights  (i.e.,  an  increase  in  the 
Lj/L2  ratio)  from  that  expected  for  Crf III)  accompanied 
by  a  relatively  small  shift  (he,,  decrease)  in  the  position 
of  the  Ls  peak.  This  is  in  qualitative  agreement  with  our 
observations.  The  EELS  measurements  provide  compelling 
evidence  that  the  bacterial  cells  contain  Cr  predominantly 
in  the  divalent  form  with  no  appreciable  bioaccumulation 
of  toxic,  highly-oxidized  Cr. 

The  Cr/O  ratio  for  S \  oneidensis  cells  examined  by  EELS 
was  quantified  from  the  simultaneously  collected  O-K  and 
Cr-L  edges  using  partial  cross  sections  determined  from 
the  Cr  standards.  Cellular  Cr  concentration  was  estimated 
from  the  measured  Cr/O  ratio  by  assuming  C|6o(H2gQOg0)- 
NkjPiS  as  the  mean  cell  composition  (McKinley  and 
Grogan,  1991),  which  provides  a  ratio  of  oxygen  atoms 
to  the  total  atoms  in  the  biomass  of  the  cell.  Estimated  con¬ 
centrations  are  relatively  high  at  between  0.03  and  0.09  g 
Cr/g  bacterium  (equivalent  to  0.5-L2  at,%  Cr)  for  those 
cells  measured  by  EELS  (Fig.  4).  Amorphous  precipitates 
that  encrust  cells  are  generally  assumed  to  be  hydrated 
chromium  hydroxide,  Cr(0H)37iH20,  and  EELS-mea- 
sured  Cr/O  ratios  of  precipitates  are  between  0.06  and 
0.09.  In  comparison,  EELS  partial  cross  sections  calculated 
from  the  hydrogenic  (with  white  line  corrections)  and 
Hartree-Slater  models  yielded  Cr/O  ratios  and  Cr  concen¬ 
trations  that  were  larger  than  those  determined  from  Cr 
standards  (as  reported  here)  by  a  factor  of  1.18  and  L2I, 
respectively. 

Elemental  EDXS  maps  of  non-encrusted  (fixed,  embed¬ 
ded,  and  cross-sectioned)  S.  oneidensis  cells  from  anaerobic 
cultures  demonstrate  Cr,  identified  as  divalent  by  EELS, 
concentrated  near  the  cell  w'all  and  extending  into  the  cyto¬ 
plasm  (Fig.  5).  In  particular,  the  STEM  HA-ADF  image  of 
Fig.  5a  displays  two  dark  bands  along  the  perimeter  of  the 
bacteria  that  are  separated  by  an  ^11  nm  thick  low-con¬ 
trast  band.  These  bands  are  consistent  with  the  Gram-neg¬ 
ative  cell  wall  structure  of  an  outer  membrane  and 
cytoplasmic  membrane  separated  by  the  periplasmic  space. 
As  best  illustrated  in  the  lower  left  of  Fig.  5d  (see  also 
Fig.  6),  intracellular  Cr  appears  more  concentrated  along 
the  inner  most  band  (cytoplasmic  membrane)  than  the  out¬ 
er  most  band  (outer  membrane  and  possibly  also  the  pep- 
tidoglycan  layer;  c.g.,  see  Hobot  et  ah,  1984;  Beveridge, 
1999). 

In  comparison  to  our  TEM-EELS/STEM-EDXS  tech¬ 
niques,  valence  and  distribution  of  Cr  associated  with  the 
Cr-reducing  bacteria  P.  fluorescens  have  been  studied  using 
synchrotron,  high-energy  X-ray  fluorescence  (XRF)  (Kem- 
ner  ePaL,  2004).  Similar  to  S.  oneidensis,  the  Cr(VI)  reduc¬ 
tases  of  P  fluorescens  are  reportedly  associated  with 
cellular  membranes  (Bopp  and  Ehrlich,  1988).  Although 
synchrotron  XRF  elemental  maps  of  whole  cells  suggest 
Cr  uptake  by  aerobically  cultured  P*  fluorescens  exposed 
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Fig,  5.  Spatial  distribution  ofmiraccUular  Cr  within  a  cross-sectioned  (=s70  nm  thick  slice)  Shewanella  onrtdensis  cdl  from  an  anaerobic  chamber  culture 
containing  Cr(Vl)0,,:_.  (aj  Scanning  (S)  transmission  electron  microscopy  (TEM)  high-angle  annular  dark-field  (HA-ADF)  image  in  reversed  contrast. 
Energy  dispersive  X-ray  spectrum  STEM  images  of  (b),  Os  and  (c),  Cr.  (d)  Superposition  of  the  images  (a)  and  (c),  All  images  are  projections  through  the 
cross  section  of  the  cell,  and  the  sharp  contrast  of  the  two  bands  near  the  perimeter  of  the  cell  suggests  a  principle  ellipsoidal  axis  of  the  bacteria  lies  nearly 
parallel  and  in  proximity  to  the  plane  of  the  cross  section.  Small  (<10nm)  discrete  specks  of  dark  contrast  in  the  STEM  HA-ADF  image  are  Os-rich 
precipitates  that  are  TEM  specimen  preparation  artifacts  from  osmium  telroxide  used  to  stain  the  cells.  Scale  bar  is  100  nm. 
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Fig,  6.  Profile  plots  of  scanning  transmission  electron  microscopy 
(STEM)  high-angle  annular  dark-field  (HA-ADF)  image  intensity  in 
reverse  contrast  (black  plotted  line)  and  Cr  X-ray  image  intensity  (blue 
plotted  line)  through  the  Shewmwlla  mteidemis  cell  of  Fig.  5.  White  in  the 
images  corresponds  to  zero  intensity  in  the  plot.  The  approximate  position 
of  the  outer  membrane  is  denoted  in  the  plot.  The  inset  figure  is  a 
composite  of  the  STEM  HA-ADF  and  Cr  X-ray  images  and  shows  the 
locations  of  the  three  transects  (red)  that  were  averaged  together  to  form 
the  profile  plots.  Chromium  appears  concentrated  near  the  cytoplasmic 
membrane. 


to  dichromate  (Kemner  et  ah,  2004),  the  lower  spatial  res¬ 
olution  (150  nm)  of  XRF  was  insufficient  to  resolve  fully 
whether  the  Cr  was  concentrated  as  precipitates  on  cell  sur¬ 
faces,  distributed  near  cellular  structures,  or  both.  Compar¬ 
ison  of  the  X-ray  adsorption  near  edge  spectra  of  Cr-K 
edges  from  P.  fluorescens  to  a  limited  number  of  standards 
indicated  the  Cr  was  reduced  with  respect  to  Cr(Vl),  sug¬ 


gesting  Cr{ ill)  as  the  predominant  form  and,  consequently, 
implying  the  presence  of  Cr  precipitates  (Kemner  et  ah, 
2004), 


4,  Discussion 

Our  EELS  data  suggest  that  at  least  one-third,  if  not 
most,  of  the  cells  of  S,  oneitkmis  analyzed  from  Cr(V[)-re- 
ducing  anaerobic-chamber  cultures  contain  Cr  predomi¬ 
nantly  in  the  divalent  state.  Given  that  these  cells  did  not 
have  precipitates  encrusting  their  surface,  this  suggests  that 
Cr(II)  accumulation  precedes  formation  of  Cr(IIl)  precipi¬ 
tates  on  cell  surfaces.  This  is  further  supported  by  the  pre¬ 
cipitate  forming  N2-bubbled  cultures  via  the  EELS 
detection  of  Cr  in  cells  that  have  not  yet  formed  precipi¬ 
tates  on  their  surface.  To  further  evaluate  if  the  intracellu¬ 
lar  Cr(II)  observed  was  the  product  of  reduction  of  Cr(Ill) 
precipitates  that  may  have  formed  first  on  bacterial  cells,  a 
control  using  Cr(IH)PCV/iH20  as  the  only  potential  elec¬ 
tron  acceptor  was  examined.  Since  precipitates  from  a 
Cr(VI)  microbial  culture  are  not  easily  isolated  from  the 
cells,  it  is  not  possible  to  use  them  in  the  control.  Precipi¬ 
tates  arc  generally  identified  as  CrtOHJynl-bO,  although 
their  mineral  chemistry  has  not  been  rigorously  character¬ 
ized,  Similar  to  CrfOHh^HiO,  CrPCkr/iHjG  is  sparingly 
soluble  and  dissociates  in  water  to  form  Cr(lll)  cations. 
This  is  relevant  because  it  has  been  reported  that  the  up¬ 
take  of  Cr(III)  by  Escherichia  coH  can  vary  for  different 
aqueous  Cr(IU)-ion  species  (Plaper  ct  ah,  2002),  Since  the 
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solubility  products,  Asp,  of  Cr(OHh  and  CrP04  are 
6.7  xlO”31  and  2.4  x  10’23,  respectively,  the  latter  may 
provide  greater  Cr(lll)  bioavailability  and  a  better  test 
for  possible  Cr(lll)  reduction.  Additionally,  the  anion  of 
CrP04  dissolution,  phosphate,  is  a  micronutricnt  for  bacte¬ 
ria  that  is  required  as  a  component  of  ATP,  nucleic  acids  as 
well  as  such  coenzymes  as  NAD,  NADP  and  flavins.  The 
lack  of  cellular  accumulation  of  Cr(H)  in  the  control  cul¬ 
ture  where  0(111)  was  the  only  available  terminal  electron 
acceptor  supports  the  inference  that  0(11)  is  not  a  product 
of  reductive  dissolution  of  Cr(III)  precipitates  that  once 
encrusted  those  cells.  Further,  it  is  known  that  Cr(VI) 
can  readily  transverse  cell  membranes  via  the  sulfate  trans¬ 
port  system  and  be  incorporated  into  cells  (see  Cervantes 
et  al,  2001;  Codd  et  aL  2001),  Our  TEM-EELS/STEM- 
EDXS  results  demonstrate  that  0(11}  is  concentrated  near 
the  cytoplasmic  membrane  and  extending  into  the  cyto¬ 
plasm  of  the  S on eidensis  cells,  consistent  with  the  reported 
localization  of  Cr(VI)  reductases  [Myers  et  al,  2000), 
Therefore,  our  observations  suggest  that  reduction  to 
Cr(ll),  not  Cr(lII),  is  the  final  microbial  pathway  step  in 
the  reduction  of  Cr(VI)  for  S<  oneklensis  under  anaerobic 
conditions.  Further,  these  points  suggest  that  the  final 
microbial  pathway  is  intracellularly  localized. 

If  the  final  microbial  pathway  is  intracellularly  localized, 
then  removal  of  intracellular  reduction  products  is  critical 
to  prevent  accumulation  of  these  products  within  the  cell 
or  cell- wall  structure.  Otherwise,  unless  the  Cr- reduction 
capacity  of  the  cells  was  limited,  these  products  would 
accumulate  to  levels  sufficiently  high  to  detrimentally  im¬ 
pact  cellular  processes.  Therefore,  termination  of  the 
microbial  reduction  sequence  at  Cr(ll)  rather  than  at 
Cr(IH)  has  a  large  biological  advantage  for  bacteria  with 
intracellularly  localized  Cr  reductases.  This  is  because 
Cr(Ii)  is  soluble  and  can  be  readily  expelled  from  the  cell. 
In  contrast,  Cr(lli)  exhibits  solubility  above  10  gM  concen¬ 
tration  only  under  very  acidic  (pH  <  5}  or  very  basic 
(14  ^  pH)  conditions  (Rai  et  al.,  1987,  1989)  and,  although 
Cr(lII)  can  be  solubilized  by  complexation,  most  soluble 
organo-Cr(III)  complexes  observed  are  >6  kDa  (Puzon 
et  al,  2005)  and  because  of  their  size  are  not  easily  trans¬ 
ported  across  Gram-negative  outer  membranes.  The  exclu¬ 
sion  limit  for  Gram-negative  outer  membranes  is  ~ 1 .5  kDa 
as  suggested  by  vancomycin,  a  large  (1.5  kDa)  antimicrobi¬ 
al  agent  effective  against  Gram-positive  bacteria  but  inac¬ 
tive  against  a  large  majority  of  Gram-negative  bacteria 
because  it  cannot  cross  their  outer  membrane  (see  von 
Graevenitz  and  Bucher,  1983;  Arthi  et  al  *  2003;  Vang 
et  ah,  2006), 

Once  expelled  from  the  cell,  many  Cr(Il)  ions  would 
bind  in  the  negatively- charged  extracellular  biopolymer 
surrounding  the  cell.  Removed  from  cell  reductases,  Cr(ll) 
would  oxidize  in  the  presence  of  oxidizers  to  the  more  sta¬ 
ble  trivalcnt  state  forming  Cr(Ill)  organo-complexes  and/ 
or  precipitated  Cr(Ill)  hydroxides.  In  otherwise  nearly 
identical  incubations,  Cr(IJI)  precipitate  formation  was  ob¬ 
served  in  Nj-bubbled  cultures  but  not  in  three  replicate 


anaerobic -chamber  cultures.  This  suggests  that  trace  oxy¬ 
gen  in  the  Ns-bubbled  culture  may  be  necessary  for  the 
growth  ofCr(III)  precipitates.  Precipitates  that  were  not  at¬ 
tached  to  any  cells  were  also  observed  in  N^-bubbled  cul¬ 
tures.  Many  of  these  precipitates  may  have  initially 
formed  on,  and  were  later  detached  from,  cell  surfaces. 

5,  Summary  and  conclusions 

We  demonstrate  that  the  widely  accepted  hypothesis 
that  the  final  microbial  pathway  for  Cr(Vl)  reduction  is 
one  that  produces  Cr(lil)  is  incorrect.  Using  newly  devel¬ 
oped  TEM  EELS  valence  determination  techniques,  we 
demonstrate  that  S.  oneidensis  reduced  Cr(Vl)  to  CrfllJ 
in  anaerobic  cultures  where  chromate  was  the  sole  terminal 
electron  acceptor.  We  further  show  that  the  Cr(ll)  is  con¬ 
centrated,  at  relatively  high  levels  of  —0.03-0.09  g  Cr/g 
bacterium,  near  the  cytoplasmic  membrane  and  extending 
into  the  cytoplasm  of  S '.  oneidensis  cells,  consistent  with 
the  reported  localization  of  Cr(Vl)  reductases  (Myers 
et  a!.,  2000).  These  observations  suggest  the  final  microbial 
pathway  for  Cr(Vl)  reduction  is  intracellularly  localized. 
Our  results  provide  important  experimental  data  that  is 
necessary  for  the  development  of  accurate  electron -transfer 
biopathway  models  and  will  eventually  lead  to  a  detailed 
understanding  of  microbial  Cr(VI)  reduction.  Further, 
these  results  represent  the  first  compelling  evidence  for 
the  formation  of  Cr(II)  in  biological  systems  (e.g.,  see  Levi¬ 
na  and  Lay,  2005)  and  may  be  relevant  to  the  wider  scope 
of  understanding  the  poorly  known  physiological  and 
cytotoxicological  mechanisms  of  Cr  in  biological  systems 
{e.g.,  see  Vincent,  2000;  Bagchi  et  al.,  2002;  Levina  et  al., 
2003). 

Acknowledgments 

We  thank  Prof,  K.  Nealson  (University  of  Southern 
California)  for  kindly  providing  specimens  of  S.  oneidensis. 
Dr.  W.  Straube  (Geo-Centers  Inc.)  for  embedding  cultures 
for  TEM  analysis,  and  R.  Ray  (NRL)  for  imaging  cells 
using  environmental  scanning  electron  microscopy.  We 
also  thank  the  anonymous  reviewers  for  valuable  com¬ 
ments.  Some  of  the  microscopy  was  conducted  at  the  High 
Temperature  Materials  Laboratory,  Oak  Ridge  National 
Laboratory,  which  is  managed  by  UT-Battcile,  LLC  lor 
the  U.S.  Department  of  Energy  under  Contract  No.  DE- 
AC05-QQO  R22725 .  The  Office  of  Naval  Research  support¬ 
ed  this  work. 

Associate  editor;  Jeremy  B.  Fein 

References 

Arthi,  K..  Appalaraju,  B  ,  Pomthi,  S.,  2003.  Vancomycin  sensitivity  and 

KOH  string  test  as  an  alternative  to  Gram  staining  of  bacteria  Indian 

J.  Med.  Microbiol  21,  121-123 

Badar,  U.,  Ahmed.  N.,  Bcswick,  A.J..  Pattanapipitpaisal,  P  .  Macuskic. 

LE.,  2000.  Reduction  ot  chromate  by  microorganisms  isolated  from 


564 


TL  Boulton  et  al  71  (2007)  556-565 


metal  contaminated  sites  of  Karachi,  Pakistan.  Biotech.  Lett.  22,  829- 
836. 

Bagchi,  D.,  Stohs,  S.J.,  Downs,  B.W*,  Bagchi,  M„  Preuss,  H.G.,  2002, 
Cytotoxicity  and  oxidative  mechanisms  of  different  forms  of  chromi¬ 
um,  Toxicology  180,  5-22, 

Beveridge,  TJ,,  1999,  Structures  of  Gram-negative  cell  wails  and  their 
derived  membrane  vesicles,  /.  Bacterial  181,  4725-4733. 

Blake  11,  R.C.,  Choate,  DM,  Bardhan,  S.,  Revis,  N.,  Barton,  L.L., 
Zocco,  T.G.,  1993,  Chemical  transformation  of  toxic  metals  by  a 
Pseudomonas  strain  from  a  toxic  waste  site.  Environ.  Toxicol Chem. 
12,  1365-1376, 

Bopp,  L.H.,  Ehrlich,  H.L.,  1988.  Chromate  resistance  and  reduction  in 
Pseudomonas Jhtorescenj  strain  LB3GQ.  Arch.  Microbiol.  150,426-431, 

Brito,  F.,  Ascanio,  J,,  Mateo,  S..  Hernandez,  C,  Araujo,  L,  Gili,  P., 
Marim-Zarza,  P,,  Dominguez.  S-,  Mcderos.  A.,  1997.  Equilibria  of 
chromatc(Vl)  species  in  acid  medium  and  ab  initio  studies  of  these 
species.  Polyhedron  16,  3835-3846. 

Carpenlier,  W,  De  Smel,  L.,  Van  Becumen,  J,,  Brigc,  A..  2005, 
Respiration  and  growth  of  Shewanella  or  widens  is  MR- 1  using  vanadate 
as  the  sole  electron  acceptor.  J.  Bacterial  187,  3293-3301. 

Cervantes,  C.*  1991.  Bacterial  interactions  with  chromate  Antonie  van 
Leeuwenhoek  59,  229-233. 

Cervantes,  C*  Campos-Carcfa.  J..  Devars,  S-,  Guticrrcz-Corona,  F., 
Loza-Tavcra,  H.,  Torres-Guzman,  J.C,,  Moreno- Sanchez,  R.,  2001 
Interactions  of  chromium  with  microorganisms  and  plants.  FEMS 
Microbial  Rev  25.  335-347. 

Chakir,  A.,  Bessiere,  J.,  EL  Kacemt,  K.,  Marouf,  B,,  2002.  A  comparative 
study  of  the  removal  of  trtvalcnt  chromium  from  aqueous  solutions  by 
bentonite  and  expanded  perlite  J.  Haz .  Mat.  B95,  29-46. 

Chen,  J.M.,  Hao,  0.1 1998.  Microbial  chromium  (VI)  reduction.  Cat. 
Rev.  Environ.  Set.  &  Technol  28,  219-251. 

Cieslak-Golonka,  M„  1995.  Toxic  and  mutagenic  effects  of  chromium(Vl), 
A  review.  Polyhedron  15,  3667-3689. 

Clcsceri*  L.S.,  Greenberg,  A.E.,  Eaton,  A.D.,  1999.  Standard  Methods  for 
the  Examination  of  Water  and  Wastewater.  American  Public  Health 
Association,  Washington,  DC, 

Codd.  R.,  Dillon.  C.T.t  Levina.  A„  Lay.  P.A.,  2001.  Studies  on  the 
genotoxicily  of  chromium:  from  the  test  tube  to  the  cell,  Coordin. 
Chem.  Rev.  216-217,  537-582. 

Cotton,  F,A.,  Wilkinson,  G.,  1966.  Advanced  Inorganic  Chemistry *  A 
Comprehensive  Text,  lntersden.ee  Publishers,  New  York,  pp.  818-834. 

DauUon,  T.L.,  Little,  B.J.,  2006.  Determination  of  chromium  valence  over 
the  range  OtG)-Cr(V[)  using  electron  energy  loss  spectroscopy. 
Ultramicroscopy  106,  561-573. 

DauUon,  T.L.,  Little,  B.J  ,  Lowe,  K.,  Jones-Meehan,  J.,  2002,  Electron 
energy  loss  spectroscopy  techniques  for  the  study  of  microbial 
chromium!  VI)  reduction.  J.  Microbiol  Meth  50,  39-54. 

Fendorf,  S.,  Wiclinga,  B.W.,  Hansel,  C.M..  2000.  Chromium  transforma- 
lions  in  natural  environments:  the  role  of  biological  and  abiological 
processes  in  chromiumfVI)  reduction.  InL  Geol  Rev.  42,  691-701 

Fude,  L,  Harris,  B.,  Urrulia,  M.M.,  Beveridge,  TJ.,  1994.  Reduction  of 
Cr(VI)  by  a  consortium  of  sulfate- reducing  bacteria  (SRB  III),  Appl. 
Environ.  Microbiol  60.  1525-1531. 

Fukushima,  M„  Nakayasu*  K.,  Tanaka,  5.,  Nakamura,  H.,  1995. 
Chromium( III)  binding  abilities  of  humic  acids.  Anal.  Chimico  Acta 
317.  195-206. 

Greenwood,  N.N.,  Earnshaw,  A.,  1998,  Chemistry  of  the  Elements. 
BuUcrworlh  Heinemann,  Oxford,  pp,  1002-1039. 

Griffin,  R.A.,  Aur  A.K.,  Frost,  R.R.,  1977.  Effect  of  pH  on  adsorption  of 
chromium  from  landfill -leach ate  by  clay  minerals.  J,  Environ.  ScL 
Health  A 1 2,  431-449. 

Heidelberg,  J,P.T  Paulsen,  IT.,  Nelson,  K.E.,  Gaidos,  E.J.,  Nelson,  W.C, 
Read,  T.D.,  Eisen,  J.A.,  Scshadri,  R..  Ward,  N.,  Methe,  B.,  Clayton, 
R.A.,  Meyer,  T*,  Tsapin,  A.,  Scott,  J„  Beanan,  M.t  Brinkac,  L.* 
Daugherty,  S.,  DeBoy.  RX,  Dodson.  RJ„  Durkin.  A.S.,  Haft,  D.H., 
Kolonuy,  J,F„  Madupu.  R.,  Peterson.  J.D.*  U  may  am,  L.A.,  While.  G., 
Wolf*  A  M..  Vamathevan,  J.,  Weidman,  J,,  Impraim,  M.,  Lee,  EC, 
Berry,  K..  Lee,  C.,  Mudlcr,  J.,  Khouri,  H„  Gill,  J.,  Ulterback,  T.R., 


McDonald,  LA,  Fcldblyum,  T.V.,  Smith,  H.O.,  Venter.  J.C.,  NeaL- 
sort,  K.H.,  Fraser,  C  M.,  2002.  Genome  sequence  of  the  dissmiilatory 
metal  ion-reducing  bacterium  Shewanella  oneidensis.  Nat.  Biotechnol 
20,  1118-1 123, 

Hobot,  J.A.,  Carlemalm,  E.,  Villigcr,  W„  Kellenbcrger,  E.,  1984 
Periplasmic  gel:  new  concept  resulting  from  the  reinvestigation  of 
bacterial  cell  envelope  ultras*  ructu  re  by  new  met  hods.  /.  Bacterial  160, 
143-152. 

Horton,  R.N.,  Apel,  W.A.,  Thompson,  V.S.,  Sheridan,  P.P..  2006.  Low 
temperature  reduction  of  hexa valent  chromium  by  a  microbial 
enrichment  consortium  and  a  novel  strain  of  Arthrobmter  aurescens. 
BMC  Microbiol  6,  5, 

Hughes,  M.C.,  Rao,  J.M,,  Maccro,  D.J.,  1979,  Further  studies  on  the 
stabilization  of  high  and  low  oxidation  stales  in  aromatic  imine  ligand 
complexes  of  first  row  transition  metals*  It  Substituted  bipyridine 
complexes  or  manga nesc( II)  and  chromium!  Ill),  Inorg.  Chim .  Acta  35, 
L321-L324. 

Kalabegishvili,  T.L.,  Tsibakhashvili,  N.Y.,  Holman,  H.-Y.N.,  2003. 
Electron  spin  resonance  study  of  chromium!  V)  formation  and 
decomposition  by  basalt-inhabiting  bacteria.  Environ.  ScL  Technol 
37,  4678  -4684. 

Kashefi,  K-,  Lovley,  D.R.,  2000.  Reduction  of  Feflll),  Mn(JV),  and  toxic 
metals  at  1 00  °C  by  Pywbaculum  islandkmt.  Appl  Environ.  Microbiol 
66,  1050-1056. 

Kemner*  K.M.,  Kelly,  S.D.,  Lai,  B.,  Maser,  J.,  O'Loughlin*  E.J.,  Sholto- 
Douglas,  D.,  Can  Z-,  Schnccgurt,  M.A.,  Kulpa  Jr.,  C.F.,  Nculson, 
K.H.,  2004.  Elemental  and  redox  analysis  of  single  bacterial  cells  by  X- 
ray  microbeam  analysis.  Science  306,  686-687. 

Kimbrough,  D.E.,  Cohen,  Y,,  Winer,  A  M.,  Creeiman,  L.,  Mabuni*  C., 
1999.  A  critical  assessment  of  chromium  in  the  environment  Crit.  Rev. 
Environ .  ScL  <5  Tech.  29,  1-46. 

Lee,  J.V.,  Gibson,  D  M.,  Shewan,  J.M.,  1977,  A  numerical  taxonomic 
study  of  some  Pseudomonas-like  marine  bacteria.  J .  Gen.  Microbiol.  9K. 
43 9-45  L 

Levina,  A.,  Codd,  R.,  Dillon,  C.T.,  Lay*  P.A.,  2003.  Chromium  in 
Biology.  Toxicology  and  nutritional  aspects.  In:  Karlin,  K  D.  (Ed.)* 
Progress  in  Inorganic  Chemistry,  vol.  51.  Interscience  John  Wiley  Sc 
Sons*  New  Jersey,  pp.  145-250, 

Levina,  A,.  Lay,  P.A.,  2005.  Mechanistic  studies  of  relevance  to  the 
biological  activities  of  chromium.  Coord  Chem.  Rev. ,  249,  281- 
298. 

Llyod,  J,R.t  Macaskie,  L,E„  1996,  A  novel  phosphorimager-based 
technique  for  monitoring  the  microbial  reduction  of  technetium.  Appl 
Environ ,  Microbiol.  62,  578-582. 

Lovley,  D.R„  Phillips,  E.J.P,,  Gorby,  Y.A.,  Landa,  E.R.,  1991.  Microbial 
reduction  of  uranium.  Nature  350,  413-416, 

Lovley,  D,R.*  1993.  Dissimilatory  metal  reduction.  Anmt,  Rev.  Microbiol. 
47,  263-290. 

Lovley*  D.R.,  1995.  Microbial  reduction  of  iron,  manganese,  and  other 
metals.  In:  Sparks*  D*L.  (Ed.),  Advances  in  Agronomy,  54,  Academic 
Press,  New  York,  pp.  1 75-231. 

Lowe,  K.L.,  Straubc,  W  .  Little,  B.,  Jones-Meehan,  J,,  2003.  Aerobic  and 
anaerobic  reduction  of  Cr(Vl)  by  Shewanetfa  oneidensis.  Effects  of 
cationic  metals,  sorbing  agents,  and  mixed  microbial  cultures.  Acta 
Biotedmol  23,  161-178  Sc  39 6* 

MacDonell,  M.T,  Colwell.  R.R,*  1985.  Phylogeny  of  the  Vibrionaccac, 
and  recommendation  fr>r  two  new  genera,  Ustonella  and  Shewanella. 
Syst.  Appl  Microbiol.  6.  171-182. 

McKinley,  LG.*  Grogan,  H.A.*  I99L.  Consideration  of  microbiology  in 
modeling  the  near  field  of  a  L/1LW  repository.  Experientia  47,  573- 
577. 

Myers.  C.R.,  Carstcns,  B.P.,  Anlholine,  W.E.,  Myers,  J.M,,  2000. 
Chromiuml  VI)  reductase  activity  is  associated  with  the  cytoplasmic 
membrane  of  anaerobically  grown  Shewanella  putrefaciens  MR-1  J 
Appl.  Microbiol  88,  98-106. 

Myers,  C.R.,  Ncalson,  K.H.,  1988a.  Bacterial  manganese  reduction  and 
growth  with  manganese  oxide  as  the  sole  electron  acceptor.  Science 
240,  1319-1321. 


Micro  bail  reduction  of  Cr(  VI)  to  Cr(  II) 


565 


Myers*  C.R.*  Ncalson.  K.H.,  1988b.  Microbial  reduction  of  manganese 
oxides:  interactions  with  iron  and  sulfur.  Geochim.  Casmochim.  Acta 
52,  2727—2732. 

Neal,  A.L.,  Lowe,  K.*  Duulton*  T.L.,  Jones- Meehan,  J,,  Utile*  B.J.,  2002. 
Oxidation  stale  of  chromium  associated  with  cell  surfaces  of  Shewa- 
nella  on eidensis  during  chromate  reduction.  Appl  Surf.  Sci.  202*  1 50- 
159. 

PI  a  per*  A.*  Jcnko-Brtnovcc,  S.*  Premzl,  A.,  Kos,  J.,  Raspor,  P.,  2002, 
Gcnotoxicity  of  tri valent  chromium  in  bacterial  cells.  Possible  effects  of 
DNA  topology.  Own.  Res,  Toxicol  15*  943-949. 

Puzon*  G.J.*  Roberts.  AG,*  Kramer.  D  M  *  Xun.  L.,  20G5.  Formation  of 
soluble  organO’Chromium(UI)  complexes  after  chromate  reduction  in 
ihc  presence  of  cellular  organics.  Environ.  Sci.  TechnoL  39,  2811-2817. 

Rui*  D.*  Sass*  B.  M ,,  M  oore*  DA*  1 987,  Chromium!  1 J I)  hydrolysis  constants 
and  solubility  of  chromium!  1 11)  hydroxide  Inorg.  Chem .  26*345-349. 

Rui.  D.,  Eary*  L.E.*  Zachara*  J.M.,  1989.  Environmental  chemistry  of 
chromium.  Sci .  Total  Environ.  86,  1 5-23. 

Sallans,  L.*  Lane,  K.t  Squires*  R.R.,  Preiser,  B  S  ,  1983.  Preparation  and 
reactions  of  Cr  .  The  Cr-H  bond  strength.  J.  Am.  Chem.  Soc.  105, 
6352-6354. 

Shupack,  S.I.,  1991.  The  chemistry  of  chromium  and  some  resulting 
analytical  problems.  Environ.  Health  Persp ♦  92,  7-11. 

Suzuki,  T,*  Miyata*  N.,  Horitsu,  H.,  Kawai*  K.,  Takamizawa,  K.,  Tai,  Y-, 
Okazaki.  M  *  1992.  NAD|P)H-dcpendent  chromium!  VI)  reductase  of 
Pseudomonas  ambigua  G-l:  A  Cr(V)  intermediate  is  formed  during  the 
reduction  ofCr(VI)  to  Cr(lll).  J.  Bacterial  174,  5340-5345, 

Tebo,  B.M.*  Obraztsova,  AY.*  1998.  Sulfaic- reducing  bacterium  grows 
with  Cr(Vl),  U(V1),  Mn(IV),  and  Fet  111)  as  electron  acceptors.  FEMS 
Microbiol  162.  193-198, 


Turick.  C.E..  Apel,  W.A.*  Carmiol,  N.$„  1996.  Isolation  of  hexa  valent 
chromium-reducing  anaerobes  from  hexavalent-chromi  urn-con  lami- 
naied  and  noncontaminated  environments.  Appl  Microb.  Biotech,  44. 
683-688. 

Vargas,  M.*  Kashefi,  K..  Blunt- Harris,  EX.*  Lovley,  D.R.,  1998* 
Microbiological  evidence  Tor  Fc(III)  reduction  on  early  Earth.  Nature 
395,  65-67. 

Venkateswaran,  K.,  Moser*  D.P.,  Dollhopf  M.E.*  Lies,  D.P.,  SnfTarini* 
D  A,,  MacGregor.  fl.J„  Ringelberg,  D.B..  White*  D.C.*  Nishijima.  M., 
Sano*  H,,  Burghardt,  J.,  Slackebmndt,  E.*  Nealson,  K.H..  1999. 
Polyphusic  taxonomy  of  ihc  genus  Shewmetla  and  description  of 
Shewonetla  one  id  easts  sp.  nov.  hit.  J.  Syst.  Bacterial  49,  705-724. 

Vincenl,  J  .B.,  2000  The  biochemistry  of  chromium.  J.  Nun  130*  715-7 1 8. 

von  Graevcnilz,  A.*  Bucher,  C,*  1983.  Accuracy  of  the  ICON  and 
vancomycin  tests  in  determining  the  Gram  reaction  of  non -enterobac¬ 
teria  I  rods.  J.  Clin,  Microbiol  18,  983-985, 

Wang,  P.-C,  Mori,  T,,  Toda,  K,.  Ohtake,  H.*  1990,  Membrane- associated 
chromate  reductase  activity  from  Enterobacter  cloacae,  J  Bacterial 
111,  1670-1672. 

Wang,  Y.-T,*  2000.  Microbial  reduction  of  chromate.  In:  Lovley,  D  R. 
(Ed*),  Environmental  Microbe- Metal  Interactions.  ASM  Press,  Wash* 
ington  D.C.*  pp,  225-235, 

Yang.  Y.,  Severin*  A.*  Chopra,  R.,  Krishnumurthy*  G.,  Singh*  G.,  Hu,  W.h 
Keeney,  D.,  Svenson*  K.*  Petersen*  P.J.,  Labthavikul,  P..  Shlacs,  D.M.* 
Rasmussen,  B.A.,  Failli*  A. A.,  Shumsky,  J.S,,  Kutterer,  K.M.K, 
Gilbert,  A,,  Mansour,  T.S,,  2006,  3,5-Dioxopyrazolidincs,  novel 
i  nhi  bi  t  o  rs  0  f  U  DP-  N-  A  ceiy  len  o  I  py  ru  vy  I  gl  ucosam  i  nc  red  uctasc  !  M  u  r  B ) 
with  activity  against  Gram-positive  bacteria.  Anttmicrob.  Agents 
Chemother ,  50,  556-564. 


